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ABSTRACT 

We report near-infrared spectroscopic observations of the Eta Carinae massive binary system during 2008-2009 using the CRIRES 
spectrograph mounted on the 8 m UT 1 Very Large Telescope (VLT Antu). We detect a strong, broad absorption wing in Hei /U0833 
extending up to -1900 kms -1 across the 2009.0 spectroscopic event. Analysis of archival Hubble Space Telescope/Space Telescope 
Imaging Spectrograph ultraviolet and optical data reveals the presence of a similar high- velocity absorption (up to -2100 kms -1 ) in 
the ultraviolet resonance lines of Siiv /U1394, 1403 across the 2003.5 event. Ultraviolet resonance lines from low-ionization species, 
such as Sin /U1527, 1533 and Cn AA1334, 1335, show absorption only up to -1200 kms -1 , indicating that the absorption with 
velocities -1200 to -2100 km s -1 originates in a region markedly faster and more ionized than the nominal wind of the primary star. 
Seeing-limited observations obtained at the 1.6 m OPD/LNA telescope during the last four spectroscopic cycles of Eta Carinae (1989- 
2009) also show high- velocity absorption in Hei /U0833 during periastron. Based on the large OPD/LNA dataset, we determine that 
material with velocities more negative than -900 kms -1 is present in the phase range 0.976 < < 1.023 of the spectroscopic cycle, 
but absent in spectra taken at < 0.947 and > 1.049. Therefore, we constrain the duration of the high- velocity absorption to be 
95 to 206 days (or 0.047 to 0.102 in phase). We suggest that the high- velocity absorption component originates from shocked gas in 
the wind- wind collision zone, at distances of 15 to 45 AU in the line-of-sight to the primary star. With the aid of three-dimensional 
hydrodynamical simulations of the wind- wind collision zone, we find that the dense high- velocity gas is in the line-of-sight to the 
primary star only if the binary system is oriented in the sky so that the companion is behind the primary star during periastron, 
corresponding to a longitude of periastron of oj ~ 240° - 270°. We study a possible tilt of the orbital plane relative to the Homunculus 
equatorial plane and conclude that our data are broadly consistent with orbital inclinations in the range i = 40° - 60°. 

Key words, stars: winds — stars: early-type — stars: individual (77 Carinae) — stars: mass loss — near-infrared: stars — ultraviolet: 
stars 



1, Introduction shroud ed in massive ejecta of ~ 12 - 20 M© (the Homunculus 

nebula: ISmith et al.1l2003bl) . 

03 Eta Carinae offers a unique opportunity to study the evolution of xhe optical and nea r-infrared spectra of Eta Car present low- 
the most massive stars and their violent, giant outbursts during ionization permitted and forbidden lines mainly of Hi, Fen, 
the Luminous Blue Variable (LBV) phase Eta Car is located at Nn? [Fen]? and [Nin] dThackeravl fl953l) . Since 1944, high- 
a distance of 2.3 + 0.1 kpc (Walborn 1973; Hillier & Allen|l992| ; ionization forbidden lines, such as [Fern], rAr ml, and fNem] , 
i Davidson & Humphreys| | 1997 |; | Smith| | 2006|) m the Trumpler 16 appeared in the optical spectrum of Eta Car ( GavMa| Mm 
OB cluster m Carina and presents itself as a very luminous cen- |Humphrevs et all [20081: iFeast et al.ll200lh . High-spatial resolu- 
tral object (L* > 5 x 10 6 L Q , Davidson & Humphreys! 1997^ en- tion imaging and spectroscopy have shown that the narrow 

emission component of th e low- and high-ionization forbid- 
* Based on observations made with ESO Telescopes at the La denl mes ari se in the ejecta jD^T dson et al. |11995|; [ Nielsen et al. | 
Silla Paranal Observatory under programme IDs 381.D-0262, 282.D- l2QQ5k |GulLet al. 2009p, in condensations known as the Weigelt 
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5043, and 383.D-0240; with the Hubble Space Telescope Imaging blobs ([W eigelt & Ebersberger 1986; Hofmann & Weigelt) |1 98 8|; 

Spectrograph (ffiT/STIS) under programs 9420 and 9973; and with the IZethsonl l200ll: lHartman et aO l2005h . It was noticed that at 

1 .6m telescope of the OPD/LNA (Brazil). some epochs the high-ionization forbidden lines become weaker 

** e-mail: jgroh@mpifr.de and eventually vanish, and then recover their normal strength 
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after several mon t hs ( Gaviola 1953; Whitelock et al 
Zanellaetal. 1984; Damineli 1996; Daminelietal. 1998, 



1983 



2000 



2008ba). Throughout this paper, we refer to these epochs when 
the high-ionization lines disappear as a spectroscopic event, and 
to the time interval between consecutive spectroscopic events as 
a spectroscopic cycle. 

Extensive monitoring of the optical spectrum of Eta Car 
showed that the spectroscop i c events repeat perio d ically e v- 
ery 5.54 yr (iDaminelil \\996l iDamineli et all I200QL l2008bllah . 
leading to the suggestion that Eta Car is a binary system 
(iDamineli et al.|[l997l) consisting of two very massive stars, Eta 
Car A (primary ) and Eta Car B (secondary), amounting to at 
least 110 M Q (Hil lier et~aI1l200ll) . The spectroscopic events are 
related to the periastron passage of Eta Car B, and the bi- 
nary scenario is support ed by numerous multi-wavelength ob- 
servations from X-ray (Corcoran et al. 1997; Pittard et al. 1998; 
Pittard & Corcora n! 120021: [i shibashi et al. l [19991: Kl lorcoran et al.l 
CorcoranI 120051: i Hamaguchi et al. 2007; Henleve 
ultraviolet dSmith et al.l 120041: llping et al.l 120051). 



2001 

20081) ultraviolet (ISmith et alJ 120041: llping et al.l 120051). op- 
tical (Ivan Genderen et al] 120031 [20061: iFernandez-Laius et al.l 
120031 [2009, 2010; Steiner & Damineli 2004; Nielsen et al.1 



(va 

[2_ 

1 20071: Damineli et al.ll2008blah . near-infrared dFeast et al.ll2QQlb 
I Whitelock et al. 2004), and radio wavelengths dDuncan & W hite 
2003; Abraham et al. 2005). Although most orbital parameters 



of Eta Car are uncertain, the wealth of multi- wavelength works 
mentioned above supports a high ecce ntricity (e ~ 0.9) and 
an orbital period of 2022. 7 ± 1.3 d (IDamineli et al.1 12008b: 
iFernandez-Lajus et al.ll201Qh . 

Significant advancement on obtaining the properties of Eta 
Car A has been achieved in recent years, confirming that it is an 
LBV star with a high mass-loss rate 2.5 x 10" 4 to 10" 3 M Q yr _1 ) 
and a wind terminal velocity in the range 500 to 600 kms" 1 
(iDavidson et al.1 119951: iHillier et al.1 l200ll: [Pittard & CorcoranI 
20021: ISmith et al.ll2003al: iHillier et al.ll2006l) . Several observa- 
tional works have sugg ested that the wind of Eta Car A is 
latitude-dependent dSmith et al.|[2QQ3ak IvanBoekel et al.1 120031: 
Weigelt et alj|2007l) . with the p olar wind pr e senting the higher 
densities and faster velocities. ISmith et all (l2003al) . based on 
Ha absorption profiles obtained with HST/STIS during 1998— 
2000, found evidence for material with velocities of up to 
-1200 kms -1 during most of the spectrosco pic cycle but only 
in the polar wind of Eta Car A. Smith et al. ( 2003a) also sug- 
gested that the wind of Eta Car A became roughly spherical 
across the 1998.0 spectroscopic event, with a terminal velocity 
around 600 kms -1 . Extremely massiv e mate r ial mo ving faster 
than 3000 kms -1 was discovered by ISmithl (120081) in distant 
ejecta far from the Homunculus nebula, and is thought to be 
related to the Giant Eruption and not (at least directly) to Eta 
CarB. 

Little is known about Eta Car B, since it has never been 
observed directly. The role of Eta Car B in the giant outbursts 
and on the long-term evolution of Eta Car A is not yet under- 
stood. Earlier analysis of the ionization of the ejecta around 
Eta Car have suggested an O-type or WR nature for Eta Car B 
(IVerner et al.l 120051: iTeodoro et al.l 120081) . iMehner et al] (I201QI) 
showed that a broad range of luminosities (10 5 to 10 6 L©) and 
effective temperatures (36 000 to 41 000 K) of Eta Car B are able 
to account for the relatively high ionization stage of the ejecta, 
adding further uncertainty to the evolutionary status and exact 
position of Eta Car B in the HR diagram. 

X-ray observations require that Eta Car B must have 
a wind terminal velocit y on the order of 3 000 km s" 1 
( Pitt ard & CorcoranI 120021: lOkazaki et all 120081: iParkin et al.l 
2009). X-ray studies have also shown that a strong and vari- 



able wind- win d collision zone is present between Eta Car A 
and Eta Car B (IHamaguchi et al.ll2007l: IHenlev et al.ll2008l) . The 
wind of Eta Car B likely influences geometry and ionization 
of the dense wind of Eta Car A, since numerical simulations 
have suggested that Eta Car B creates a cavity in the wind 
of Eta Car A dPittard & CorcoranI 120021: lOkazaki et aD 120081: 
IParkin et al.ll2009l) . The extended outer interacting wind struc- 
ture has been shown to produc e broad (~ 400 km s" 1 ), time- 
variable forbidden line emission (Gull et al. 2001). 

Spectroscopic observations of the near- infrared He 1 ^108330 
line in Eta Car have shown evidence for a brief appear- 
ance of fast-moving materia l up to ~ 1500 kms" 1 during 
previous periastron passages (IDamineli et al.l 119981: iGroh et afl 
12007b IDamineli et al.ll2008ah . Ultraviolet observations with the 
International Ultraviolet Explorer (IUE) obtained during the 
1980 spectroscopic event suggested that the resonance lines 
of Si iv XXX 393, 1 403 show absorptions up to -1240 kms" 1 
(IViottietal.| [l989). X-rays observations of high-ionization sil- 
icon and sulfur emission lines detected increased line widths 
(1000 to 1500 kms" 1 ) during the 2003.5 spectroscopic event, 
suggesting that these lines com e from the inner, hotter part of 
the wind-wind col lision zone (IHenlev et al.ll2008l) or from jets 
(Behar et al. 2007]). A clear detection of very high- velocity ma- 
terial (v > 1500 km s" 1 ) coming directly from Eta Car B or from 
the wind- wind collision zone has been elusive so far in the ul- 
traviolet, optical, and infrared, in particular because the flux of 
Eta Car A is sever al orders of magnitude larger than Eta Car B 
(Hillier et al .1120061) . The relative flux between Eta Car B and Eta 
Car A increases towards the ultraviolet, but the absorptions of 
the wind of Eta Car A likely modifies - and masks - the UV 
spectrum of Eta Car B. 

While previous spectroscopic observations of Hei /U0833 
used only moderate spectral resolving power (R 7000) and 
seeing-limited spatial resolution (IV 5), we monitored Eta Car 
across the 2009.0 spectroscopic event at much higher spectral 
(R ^ 90000) and spatial ((7/3) resolutions in the near-infrared, 
where the strong, unblended Hei /110833 line is present. We 
obtained spectroscopic observations with the highest spectral 
and spatial resolutions obtained so far for longslit spectroscopy 
of Eta Car in the near-infrared. We combined our data with 
multi-wavelength diagnostics from the ultraviolet to the near- 
infrared. The goal of this paper is to characterize the origin, 
formation region, physical conditions, and the phase interval 
when the high- velocity material can be detected in He 1 X 1083 3, 
to possibly constrain the orbital parameters of the Eta Car binary 
system. In particular, we aim at constraining the longitude of 
periastron a>, given that some previous studies have determined 
co around 240° - 270 °, i.e., Eta Car B is behind Eta Car A 
durin g periastron (e.g.. IDamineli et al.ll 1 997l: IPittard & CorcoranI 



20071: ICorcor an 2005: llping et al.l 120051: 
Okazaki et ail 120081: IParkin et al.l 12009). 



120021: iNielsen et al.l 
IHenlev et al.l l200i 
while others have found to ~ 50° - 90°, i.e., Eta Car B is in 
front of Eta Car A during periastron (e.g. . I Abraham et al.l 
200 51 lAbraham & Fa lceta-Gon calvesl I2007L 12 009: 



I Falceta-Goncalves et al.l 120051: IFalceta- Goncalve s & Abra ham 
20091: iKashi & Soked 120071 l2008bi 12009b . Sideways orbital 
orientations (i.e., oj = 0° or 180° ) have also been s ugges ted in 
the literature (e.g. Jlshibashi et al.lll999b ISmith et al.ll2004l) . 

This paper is organized as follows. Sect. [2] describes the 
near-infrared spectroscopic data obtained at the 8 m Very Large 



1 Vacuum wavelengths and heliocentric velocities are adopted in this 
paper. The spectra presented here have not been co rrected by the sys- 
temic velocity of -8 km s" 1 of Eta Car dSmithll2004D . 
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Telescope (VLT) during 2008-2009, the archival ultraviolet and 
optical HST/STIS from 2002-2003, and the archival and new 
near-infrared observations recorded at the 1 .6 m OPD/LNA tele- 
scope. Section [3] reports the detection of a strong high- velocity 
(-1900 kms -1 ), broad absorption wing in Hei /U0833 dur- 
ing the 2009.0 periastron passage. A similar high-velocity ab- 
sorption component is also seen in the ultraviolet resonance 
lines in spectra obtained with HST/STIS during 2003.5 and in 
the OPD/LNA data. In Sect. |4] we derive the timescale for the 
presence of the high- velocity absorption component. In Sect. \5\ 
we discuss possible scenarios to explain the presence of high- 
velocity gas in Eta Car during periastron, and argue that our 
observations provide direct detection of high- velocity material 
flowing from the wind- wind collision zone in the Eta Car binary 
system. 



2. Observations 

The multi- wavelength spectroscopic observations used to inves- 
tigate the presence of high- velocity gas are summarized in Table 
[U[2l and[3] Since we are interested in studying material with ve- 
locities well above the terminal speed of the wind of Eta Car A, 
in this paper the designation "high- velocity" means velocities 
more negative than -900 km s" 1 . 

Throughou t this p aper we use the ephemeris obtained by 
iDamineli et al.l (l2008blrl to calculate the phases across a 
given spectroscopic cycle E: JD(phase zero)=2452 819.8 + 
2022.1(E - 11). Note that phase zero is defined according to 
the disappearance of the narrow component of Hei /16678 and 
does not necessarily coincide exactly with the time of periastron 
passage. However, given the high orbital eccentricity of the Eta 
Car system, the periastron passage is expected to occur close to 
the phase zero of th e spectroscopic cycle. We adopt the nomen- 
clature described by lGroh & D amineli d2004l) to label the spec- 
troscopic cycles of Eta Car, so that cycle #1 started after the 
event observed in 1948 by Gaviola. Therefore, phase zero of the 
1992.5, 1998.0, 2003.5, and 2009.0 spectroscopic events corre- 
sponds to = 9.0, (p = 10.0, = 11.0, and = 12.0, respec- 
tively. 

2.1. VLT/CRIRES high-resolution near-infrared spectroscopy 

Spatially resolved spectra of Eta Car were recorded with 
the CRyo genic high-resolu tion InfraRed Echelle Spectrograph 
( CRIRES: [Kaeufl et al J [2004b mounted on the 8-m VLT Unit 
Telescope 1. Spectra were obtained in 2008 May 05 (0=1 1.875), 
2008 Dec 26 (0=11.991), 2009 Jan 08 (0=11.998), 2009 Feb 
09 (0=12.014) and 2009 Apr 03 (0=12.040), and are summa- 
rized in Table [T] The air-mass (<1.4) and seeing (< 078 in the 
V band) during the observations led to an excellent performance 
of the multi-conjugate adaptive-optics system and to an image 
quality with (7/23 - (7/28 FWHM at 20587 A and a/31 - a/35 
FWHM at 10833 A for a standard star. All data were recorded 
with a 31"x a/2 slit at position angle PA=325°, with a plate 
scale of a/085/pixel. To avoid saturation and to enhance the 
signal-to-noise ratio, 55 exposures of 1 second were co-added. 
Normal and interleaved grating settings (see the CRIRES User 
Manual) were used to obtain the desired spectral coverage and 
some wavelength overlap around He i A 108 3 3 and He i /120587. 



2 The Damineli et al. ( 2008b) definition of phase zero is shifted by 
-0.002 in phase (or -4 d) from the date of X-ray minim um: JD(X-ray 
minimum)=2 450 799.8 + 2024(£ - 10) (ICorcoranll2005h . 



Table 1. Summary of VLT/CRIRES Eta Car spectroscopic ob- 
servations used in this paper 



Date 





JD 


High- velocity absorption 


2008 May 05 


11.875 


2454591.53 


No 


2008 Dec 26 


11.991 


2454826.82 


Yes 


2009 Jan 08 


11.998 


2454839.80 


Yes 


2009 Feb 09 


12.014 


2454871.77 


Yes 


2009 Apr 03 


12.040 


2454924.61 


No 



The spectra were reduced in the standard way using IRAF 
and other custom IDL data reduction routines specific for 
CRIRES developed by one of us (JHG). The spectral resolving 
power is estimated to be R~90 000 using unresolved calibration 
lamp lines. The spectra were extracted by averaging 3 pixels in 
the spatial direction, centered on the central source of Eta Car, 
thus corresponding to a a/ 26 x a/ 20 spatial region. The spec- 
tra were corrected to the heliocentric rest frame and normalized 
to continuum. The error in the continuum normalization is esti- 
mated to be less tha n 5%. Using as refe rence the Th-Ar spectral 
line database from iKerber etaD (120081) . an error in the wave- 
length calibration of ^ 0.5 km s" 1 was achieved. 

2.2. OPD/LNA medium-resolution near-infrared 
spectroscopy 

We use a large amount of archival near-infrared medium- 
resolu tion spectroscopic ob servations, obtained during 1992- 
2004 (IDamineli et al.l(l998Ll2008al:lGroh et al.l l2007). and gath- 
ered additional spectra of Eta Car during 2004-2009 with 
the 1.6-m telescope of the Brazilian Observatorio Pico dos 
Dias/Laboratorio Nacional de Astrofisica (OPD/LNA). The data 
reduction has been performed using sta ndard near-infrared spec- 
troscopic techniques a s described in iGroh et all (120071) and 
IDamineli et al.l (l2008al) . These spectra cover the Hei /110833 
line with a moderate spectral resolving power (R ^ 7000) and 
seeing-limited spatial resolution (~ 175), but have excellent 
time-sampling of the order of days around the 2003.5 spectro- 
scopic event. The 2009.0 event was covered with a time sam- 
pling of the order of a month. The time evolution of the emission 
component of the He i A 108 3 3 line in the OPD/LNA d ataset from 
the 20 03.5 event has been extensi vely discussed in IGroh et all 
(120071) and IDamineli et al] (l2008ah . Table [2] lists the OPD/LNA 
dataset used in this paper. 

2.3. HST/STIS ultraviolet and optical spectroscopy 

Spectroscopic observations of Eta Car were obtained with the 
Hubble Space Telescope Imaging Spectrograph (HST/STIS) 
from 1998 Jan 1 until 2004 Mar 6. In this paper we use ul- 
traviolet and optical archival data obtained across the 2003.5 
spectroscopic event, which was covered by the HST Eta Car 
Treasury projec0. Thes e spectra have been extensively described 
in previous works (e . gjDavidson et alT2 005: Hilli er et aiT2 006: 
Niel sen et al.l 120071: iGull et alll2009l) . and here we summarize 
their main characteristics. Ultraviolet observations were con- 
ducted using the MAMA echelle grating E140M, providing a 
spectral resolving power of 30 000 throughout the 1 170-1700 A 
spectral range. An aperture of a/2 x a/2 or a/3 x a/2 was 
used, and the data reduction was accomplished using STIS GTO 
IDL CALSTIS software. A 7-pixel (a/0875) extraction centered 

3 The reduced data are available online at http://etacar.umn.edu 
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Fig. 1. Continuum-normalized He i /U0833 CRIRES spectrum from the inner 0726 x 0720 spatial region around the central source 
of Eta Car obtained before/during (top panel) and during/after (bottom panel) the 2009.0 spectroscopic event. The grey region 
corresponds to the excess absorption due to the high- velocity material in Eta Car during the 2009.0 spectroscopic event. The 2009 

Jan 08 spectrum is repeated in both panels for clarity. Note that the many narrow absorption features blueward of 800 kms -1 

seen in the Feb 2009 spectrum (red line), except the -1050 kms -1 feature, are residuals from the removal of telluric lines. The 
broad emission between -600 and -1500 km s" 1 seen in the 2008 May 05 spectrum is due to electron scattering. 



on the central source was adopted to minimize contamin ation 
from the extended ejecta. We refer to iNielsen et al.l ([2005) and 
Hill ier et all (120061) for further details on the observations and 
for an extensive analysis of the HST/STIS ultraviolet spectrum 
of Eta Car, in particular the dataset obtained in 2002 Jul 04. 
For the optical range, the G430M and G750M gratings were 
used, yielding a resolving power of 6000-8000 across the 1640- 
10 100 A spectral range. Spectra were extracted using 6 half- 
pixels (a/152). Table [J summarizes the (HST/STIS data used in 
this paper. 



3. High-velocity gas (up to 2000 km s ! ) in Eta Car 
during the spectroscopic events 

Herein we discuss the behavior of key line profiles across the 
two most recent spectroscopic events: 2003.5 (cp = 11.0) and 
2009.0 (0 = 12.0). While the ideal case would be that all obser- 
vations were accomplished across the same spectroscopic event, 
availability of instrumentation did not permit such. We note that 
the 1998.0 and 2003.5 spect roscopic events were nearly iden- 
tical in behavior in X-rays (ICorcoranll2005l) . but that the du- 
ration of the X-ray minimum was substantially shorter in the 
2009.0 spectroscopic event (M. Corcoran et al. 2010, in prep.). 
However, optical spectroscopy indicated that the Ha line profile 
was fl at- topped in 2003.5 b ut not in the 1998.0 spectroscopic 
event dDavidson et al.ll2005l) . Our understanding of the changes 
in spectroscopic profiles presented here suggests that while there 



may be small changes in the wind profiles due to the secular 
variability (Sect. 13.2b , the major changes we see are due to the 
periodic variations caused by the binary nature of Eta Car. 



3.1. Detection across the 2009.0 spectroscopic event by 
VLT/CRIRES 

The He i /U0833 absorption line profile, as displayed in Figure 
[U evolved considerably across the 2009.0 spectroscopic event. 
In all recorded spectra a relatively broad (~ 100 kms -1 ), 
blueshifted emission feature is seen at -250 km s" 1 , and is due 
to gas in the equatorial plane of the Homunculus ( Smith 2002; 
iTeodoro et alll2008h . 

The spectrum obtained at cp = 11.875, well before peri- 
astron, shows strong Hei /U0833 absorption extending from 

150 km s" 1 up to an edge with velocity v e d ge - -750 km s" 1 , 

with the strongest absorption occurring at Vbi ac k - -580 kms" 1 . 
This value of Vbi ac k from He 1/110833 is remarkably similar to 
those derived from UV resonan ce lines such as C n Al 335 and 
Mgn ,11240 (-600 ± 50 km s" 1 . iHillier et al]l2001h . This range 
of velocities is consistent with Hei /110833 being formed in the 
wind of Eta Car A. Eta Car B might significantly influence the 
Hei /U0833 line profile through photoionization of the outer 
parts of the wind of Eta Car A and, in this case, the amount 
of emission and absorption seen in Hei /U0833 will strongly de- 
pend on the orbital parameters of the system. Nevertheless, at 
phases sufficiently far from periastron such as at cp = 11.875, 
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Table 2. Summary of OPD/LNA Eta Car spectroscopic obser- Table 3. Summary of HST/STIS Eta Car spectroscopic observa- 
vations used in this paper tions used in this paper 



Date JD High- velocity absorption? 



1989 Mar 28 


8.4263 


2447614.50 


No 


1990 Jan 25 


8.5761 


2447917.50 


No 


1990 Jun 16 


8.6463 


2448059.50 


No 


1990 Dec 30 


8.7442 


2448257.50 


No 


1991 Jan 29 


8.7590 


2448287.50 


No 


1991 May 25 


8.8164 


2448403.50 


No 


1992 Mar 20 


8.9647 


2448703.50 


Yes 


1992 May 27 


8.9976 


2448769.50 


Yes 


1992 Jun 02 


9.0006 


2448775.50 


Yes 


1992 Jun 03 


9.0011 


2448776.50 


Yes 


1992 Jul 16 


9.0228 


2448820.40 


Yes 


1997 Jul 22 


9.9285 


2450652.39 


No 


1998 Jan 20 


10.0181 


2450833.70 


Yes 


1998 May 07 


10.0713 


2450941.31 


No 


1998 May 12 


10.0738 


2450946.27 


No 


1998 Jun 14 


10.0897 


2450978.53 


No 


1998 Jul 08 


10.1020 


2451003.40 


No 


1999 Apr 26 


10.2460 


2451294.56 


No 


1999 Jul 02 


10.2795 


2451362.41 


No 


2000 Dec 12 


10.5407 


2451890.76 


No 


2001 Jun 09 


10.6296 


2452070.46 


No 


2001 Jun 10 


10.6301 


2452071.41 


No 


2001 Jun 12 


10.6311 


2452073.43 


No 


2002 Feb 14 


10.7528 


2452319.70 


No 


2002 Feb 19 


10.7552 


2452324.62 


No 


2002 Apr 29 


10.7898 


2452394.48 


No 


2002 Apr 30 


10.7903 


2452395.46 


No 


2002 Jul 20 


10.8303 


2452476.39 


No 


2002 Nov 04 


10.8829 


2452582.76 


No 


2002 Dec 21 


10.9061 


2452629.76 


No 


2003 May 13 


10.9771 


2452773.41 


Yes 


2003 May 15 


10.9781 


2452775.44 


Yes 


2003 May 25 


10.9830 


2452785.38 


Yes 


2003 Jun 17 


10.9944 


2452808.45 


Yes 


2003 Jun 22 


10.9969 


2452813.45 


Yes 


2003 Jun 24 


10.9979 


2452815.43 


Yes 


2003 Jun 26 


10.9989 


2452817.38 


Yes 


2003 Jun 28 


10.9998 


2452819.36 


Yes 


2003 Jun 29 


11.0003 


2452820.38 


Yes 


2003 Jul 03 


11.0023 


2452824.37 


Yes 


2003 Jul 04 


11.0028 


2452825.33 


Yes 


2003 Jul 08 


11.0048 


2452829.46 


Yes 


2003 Jul 09 


11.0053 


2452830.40 


Yes 


2003 Aug 11 


11.0216 


2452863.38 


No 


2003 Aug 13 


11.0226 


2452865.39 


No 


2003 Dec 15 


11.0835 


2452988.67 


No 


2004 Feb 29 


11.1212 


2453064.83 


No 


2004 Apr 30 


11.1516 


2453126.41 


No 


2005 Mar 25 


11.3143 


2453455.47 


No 


2005 Jul 26 


11.3751 


2453578.37 


No 


2006 Mar 14 


11.4893 


2453809.47 


No 


2006 Jun 06 


11.5308 


2453893.43 


No 


2006 Aug 11 


11.5634 


2453959.38 


No 


2007 Jun 28 


11.7221 


2454280.43 


No 


2007 Jun 29 


11.7226 


2454281.39 


No 


2007 Jun 30 


11.7231 


2454282.39 


No 


2007 Aug 02 


11.7394 


2454315.36 


No 


2008 May 19 


11.8833 


2454606.40 


No 


2008 Dec 05 


11.9819 


2454805.74 


Yes 


2008 Dec 07 


11.9828 


2454807.70 


Yes 


2008 Dec 09 


11.9838 


2454809.70 


Yes 


2009 Jan 08 


11.9986 


2454839.60 


Yes 


2009 Feb 19 


12.0193 


2454881.57 


No 


2009 Apr 20 


12.0494 


2454942.46 


No 



Date 





JD 


High- velocity absorption? 


2002 Jan 20 


10.738 


2452240 


No 


2002 Jul 04 


10.820 


2452460 


No 


2003 Feb 13 


10.930 


2452683 


No 


2003 Jun 01 


10.984 


2452792 


Yes 


2003 Jun 22 


10.995 


2452813 


Yes 


2003 Jul 05 


11.001 


2452825 


Yes 


2003 Jul 29 


11.013 


2452851 


Yes 



there is no evidence for additional velocity fields in our line-of- 
sight, such as one would expect in the case that the absorption 
was formed in the wind of Eta Car B or in high- velocity material 
from the wind- wind collision zone. 

The profiles from = 11.991 and = 11.998 show very 
different Hei /U0833 absorptions compared to the one from 
= 11.875. The low- velocity absorption strengthened, becom- 
ing nearly saturated from -40 to -580 kms -1 , with the excep- 
tion of the equatorial ejecta emission at -250 kms -1 . A broad, 
high- velocity absorption ranging from -580 to -1900 kms -1 
appeared by = 11.991 and strengthened by = 11.998. We 
would not expect this high- velocity absorption from the veloc- 
ity field of the wind of Eta Car A, as seen in the spectrum from 
= 11.875. Therefore, the Hei /U0833 absorption line profile 
strongly indicates that, in addition to the wind of Eta Car A, at 
least one more velocity structure is crossing our line-of-sight to 
Eta Car. That high-velocity absorption is transient; as the spec- 
trum observed at = 12.014 shows, it has faded considerably 
and is present only up to -900 kms -1 . By = 12.041, the Hei 
/U0833 profile is quite similar to that recorded at = 11.875, 
but the -40 to -580 km s" 1 absorption is saturated, indicating a 
higher column density of He i. 

The Hei ,110833 and Hei ,120587 line profiles, recorded 
at = 11.998, demonstrate that the high- velocity absorp- 
tion component is much stronger in Hei /U0833 than in the 
Hei /120587 line (Fig. 0). While noticeable from -600 to 
-1000 kms -1 , the absorption is much weaker in the range of 
-1100 to -1600 kms" 1 . The Hei ,110833 line (2s 3 S - 2p 3 P) 
absorption originates from the metastable triplet state, while the 
Hei /120587 line (2s l S - 2p : P) originates from the metastable 
2s 1 S state. The population of the 2s 1 S energy level can be 
increased through photo-excitation from 584 A UV photons, 
which would cause increased He i /120587 absorption. The much 
weaker high- velocity absorption in the Hei /120587 line profile 
indicates that photo-excitation by hard UV photons is negligible 
in the region responsible for the high-velocity absorption. The 
oscillator strength of Hei /U0833 is about 5 times higher than 
that of Hei /120587 and, thus, a much stronger Hei /U0833 as 
seen in Figure [2] is exactly what would be expected. 

The high-velocity absorption is not seen in Ha or any other 
hydrogen lines during periastron, since these li nes show an edge 
velocity in the range -800 to -1000 kms" 1 dWeis et al.ll2005l: 
IStahl et al.ir2005l:lDavidson et al.ll2005l) . implying that hydrogen 
is predominantly ionized (H°/H + < 10" 5 ) in the region respon- 
sible for the He I high- velocity absorption. In addition, the ab- 
sence of high- velocity Ha absorption in the range -1000 to 
-2000 kms -1 during periastron indicates that such material is 
either helium rich, or it places an upper limit on the electron 
density (n Q ) in that region. Although detailed radiative transfer 
calculations are needed, we estimate an upper limit of n Q < 10 10 

_3 

cm . 
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Fig. 2. Comparison between the continuum-normalized Hei 
,110833 (blue) and Hei ,120587 (black) spectral lines from the 
inner 0726 x 0720 spatial region around the central source of 
Eta Car. The many narrow spikes around Hei /120587 are resid- 
uals from the removal of telluric lines. Note that a -146 km s" 1 
absorption component is present in Hei ,120587 and might also 
be present in Hei ,110833. The emission feature from 500 to 
1300 km s" 1 is due to a blend of Fe n lines. 




1 1.70 ■ 



-2000.00 -1500.00 -1000.00 -500.00 0.00 
Heliocentric velocity (km/s) 



a) 10.80 



10.701 



500.00 



-2000. 




- 1 500.00 - 1 000.00 - 500.00 

Heliocentric velocity (km/s) 



500.00 



3.2. The OPD/LNA datasets from the 2003.5 and 2009.0 
spectroscopic events 

As mentioned before, ground-based data of Eta Car have 
shown a weak absorption wing of up to -1500 kms -1 asso- 
ciated with Hei A 108 3 3 during previous spectroscopic events 
(iDamineli et al.lll998b iGroh et al.ll2007l: iDamineli et ai1l2008ah . 
The new spectra obtained across the 2009.0 event showed again 
the presence of such high-velocity absorption during a brief time 
interval, which strongly suggests that it is related to the perias- 
tron passage of Eta Car B. Figure [3] displays the temporal evolu- 
tion of the Hei ,110833 absorption during the 2003.5 and 2009.0 
spectroscopic events, while Figure |4] presents a comparison be- 
tween the Hei ,110833 line profiles at a similar phase during 
the 2003.5 and 2009.0 spectroscopic cycles (0 = 10.998 and 
cp = 11.998, respectively), and the VLT/CRIRES spectrum ob- 
tained simultaneously to the OPD/LNA data at = 1 1.998. 

First, comparing spectra obtained with OPD/LNA at simi- 
lar orbital phases close to periastron, we notice that the high- 
velocity Hei /U0833 absorption changes from cycle to cycle, 
and is stronger in the spectrum from the 2009.0 event. This trend 
in the cycle-to-cycle variabilit y was also noticed in optical He i 
lines (iGroh & D amineli 2004), but for low velocities within the 
line. Whether this is due to changes in the continuum or in the 
line-absorbing region, or both, still remains to be seen. Secular 
variability from one (or both) stellar winds in the Eta Car system 
cannot be excluded. 

Second, we notice that the Hei /U0833 high- velocity ab- 
sorption is stronger and extends to higher velocities in the 
VLT/CRIRES than in the OPD/LNA spectrum. This is not due 
to the different spectral resolutions, and we argue that the small 
aperture and better spatial resolution of the VLT/CRIRES instru- 
ment (~ 073) spatially resolves extended scattered continuum 
and Hei ,110833 line emission, which are otherwise included in 



Fig. 3. Evolution of the He i X 108 3 3 line as a function of orbital 
phase, for the 2003.5 (bottom panel) and 2009.0 spectroscopic 
events (upper panel). The spectra were interpolated in phase 
for visualization purposes, and the continuum-normalized flux 
is color-coded linearly between (black) and > 1 (red) to em- 
phasize the absorption structure. The black horizontal tick marks 
on the left correspond to the observed phases. The feature run- 
ning vertically at -1050 kms" 1 is probably formed outside the 
Homunculus nebula and is not relevant for the purpose of this 
paper. 

the OPD/LNA spectra, since they have a lower spatial resolution 
( 175) than the VLT/CRIRES data. 

3.3. Detection across the 2003.5 spectroscopic event by 
HST/STIS 

3.3.1 . Ultraviolet resonance lines 

We analyzed the archival HST/STIS ultraviolet spectra of Eta 
Car searching for evidence of high- velocity absorption in UV 
resonance lines. The time variability of the UV spectrum across 
the spectroscopic cycle is complex and will be analyzed in detail 
elsewhere (Nielsen et al. 2010, in prep.). To illustrate the vari- 
ability of the UV spectrum of Eta Car around selected UV res- 
onance lines, we computed color-coded intensity plots by stack- 
ing the spectra in velocity space as a function of phase, and by 
interpolating in phase the flux between the observations (Figures 
Sandi). 

We found that some of the UV resonance lines show evi- 
dence for high- velocity absorption during the 2003.5 spectro- 
scopic event, but two other effects influence the interpretation 
of the spectra. First, due to the increasingly high line den- 
sity to shorter wavelengths, the ultraviolet continuum level of 
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Fig. 4. Comparison between continuum-normalized He i /U0833 
line profiles obtained at different spatial resolutions and similar 
orbital phases (but different cycles). The d ashed black line shows 
the spectrum from lDamineli et all (l2008al) obtained with the 1 .6- 
m telescope of the Brazilian OPD/LNA, which has R ^ 9000, 
and aperture and spatial resolution of roughly 175. The CRIRES 
spectrum (solid blue line) has an aperture and spatial resolution 
of ~ 07 3 and was convolved with a Gaussian to match the spec- 
tral resolution of the OPD/LNA spectrum. 

Eta C ar cannot be accurately determined ( Hilli er et al] 1200 lL 
2006). Second, the line profiles of UV resonance lines are ex- 
tremely affected by strong blending primarily due to Fe n lines 
dHillier et al.1 1200U INielsen et al.1 120051: iHillier et al.1 l2006h . In 
addition, the UV flux be gins decreasing about six months before 
the spectroscopic event dSmith et al.ll2004l: INielsen et al.ll2005l) 
and rec overs well after minimum. Similar to what is seen in the 
optical (INielsen et al .112 007: Da mineli et al]|200 8a). the emission 
and absorption of lines from Fe n strongly increase after = 11.0 
in the UV. Both the change in continuum level and the blending 
due to Fe n lines hamper the precise determination of the strength 
and maximum velocity of the high- absorption component across 
the spectroscopic event. Therefore, we focus here the evolution 
of the spectra leading up to = 1 1.0. 

We scaled the UV spectra obtained at = 10.820 (2002 
Jul 04), = 10.930 (2003 Feb 13), and = 10.984 (2003 Jun 
01) to approximately match the continuum of the spectrum from 
= 10.995 (2003 Jun 22). As reference, we used a "control" 
spectral interval located sufficiently far (> 10000 kms" 1 ) from 
the rest wavelength of the line of interest. Our purpose for scal- 
ing the spectra was to separate changes in the line profile due to 
the high- velocity absorption from shifts in the continuum level, 
which otherwise could be misinterpreted as increases in absorp- 
tion strength. We verified that the "control" regions, which are 
also affected by Fen lines, do not change appreciably in the 
scaled spectra as a function of phase before = 11.0. Thus, 
we investigate the temporal behavior of the remaining relative 
changes in the scaled line profiles, which are intrinsic to the UV 
resonance lines. 

The scaled line profiles of the strongest, more isolated UV 
resonance lines in Eta Car are presented in Figure [7J where the 
grey region shows the difference between the spectrum taken at 
= 10.820 and at = 10.995, corresponding to the excess 




-2000 -1000 1000 2000 
Velocity (km s" 1 ) 

Fig. 5. Similar to Fig. [3J but showing the evolution of the Si iv 
/LU394, 1402 lines as a function of orbital phase. The velocity 
scale refers to Si iv Al 394. In this particular Figure no flux scal- 
ing was applied to illustrate the global decrease in the UV flux 
close to the spectroscopic event. The spectra were interpolated 
in phase for visualization purposes and intensity color-coded be- 
tween the minimum flux (black) and max flux (red) seen across 
the spectroscopic cycle. The black horizontal tick marks on the 
right correspond to the observed phases. 



absorption occurring across the spectroscopic event due to the 
high- velocity material in Eta Car. The absorption components of 
the low-ionization and the high-ionization resonance lines be- 
have quite differently across the 2003.5 event. Low-ionization 
resonance lines, such as Cn /LU334, 1335, Sin AA1526, 1533, 
and Alii /11671, show a gradual development of an absorption 
wing increasing from -500 to -900 km s" 1 between = 10.820 
and = 10.984. At = 10.995, the spectrum shows a signif- 
icant increase in the strength of the absorption from -500 to 
-900 km s" 1 (Fig. 13 right panel), but the low-ionization UV res- 
onance lines do not show evidence for high- velocity absorption 
from -1000 to -2000 kms" 1 before = 11.0, as Hei ,110833 
did just before = 12.0. 

The high-ionization ultraviolet resonance lines, Siiv and 
Civ, also show an increase in absorption from -500 to 
-900 km s" 1 before = 11.0, although, differently from the low- 
ionization lines, with most of the changes occurring between 
= 10.820 and = 10.984. More noticeable changes occurred 
after = 10.984. High- velocity absorption from -1200 up to 
-2100 kms" 1 is seen in the high-ionization Siiv /LU394, 1403 
doublet and possibly in the Civ /11548 line. This high-velocity 
component becomes noticeably stronger between = 10.984 
and = 10.995 (Fig. H left panel). The reality of the high- 
velocity absorption is confirmed by its presence in both of 
the Siiv doublet lines. The weaker Civ Al 550 line is severely 
blended with the stronger Civ Al 548 line, and it is impossible 
to unambiguously judge whether the high- velocity absorption is 
present in C iv Al 550 or not. 

Therefore, ultraviolet resonance lines from low-ionization 
species, such as Sin AA1521, 1533, Cn AA1334, 1335, and 
Alii /11671, show absorption up to -800 kms" 1 , possibly 
-1200 km s" 1 , but the UV resonance lines from high-ionization 
species, specifically Siiv, show absorption from -1200 to 
-2100 kms" 1 . Thus, the high- velocity absorption originates 
from a region that is markedly more ionized than the wind of 
Eta Car A. 
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Fig. 7. Montage of profiles of resonance lines seen in ultraviolet spectra of Eta Car obtained with HST/STIS across the 2003.5 event 
at = 10.820 (blue line), = 10.930 (green), = 10.984 (black), and = 10.995 (red). The continuum level of the spectra taken 
at = 10.820, = 10.930, and = 10.984 were scaled to approximately match the continuum level of the spectrum taken at 
= 10.995. The grey region shows the difference between the spectrum taken at = 10.820 and at = 10.995, corresponding to 
the excess absorption due to the high- velocity material in Eta Car. Left panel: High-ionization lines. From top to bottom, resonance 
lines of Siiv /U394, Siiv /U403, Civ /U548, and a "control" region around 1483 A are shown. Notice that little changes are seen 
in the "control" region as a function of phase, indicating that the relative variability seen in the UV resonance lines are intrinsic 
to these lines, and not due to blending. Right panel: Low-ionization lines. From top to bottom, Cn /LU334, 1335, Sin /U526, Sin 
Al 533, and Al n /1 1671 are displayed. Note that part of the Si n Al 533 line profile, from -1200 to -2100 km s" 1 , is contaminated by 
Sin ,11526. 



3.3.2. Optical Hei lines 

Anal ysis of optical He i singlet and triplet line profiles was done 
by lNielsen et al. ( 2007). Profiles from the same observations are 
reproduced in Figure[U A noticeable high- velocity absorption is 
apparent in the two triplet line profiles, Hei /13888 and /15876, 
extending to -900, possibly -1000 km s"\ at = 10.995 (2003 
Jul 05). The profiles of singlet lines, such as Hei /16680, show 
less pronounced absorptions up to -800 kms" 1 (note that the 
Hei AA11A line is much weak er and contaminate d by [Fe m] 
A470 2 emission), as noted bv iNielsen et al.l (120051) . IStahl et al.1 
2005 also detected similar absorption up to -750 km s -1 for He i 
/16680 from the polar spectrum reflected in the Homunculus. The 
optical depths of all of these optical He i lines are substantially 
less than even that of the He i /120587 line. Hence, the likelihood 
of seeing absorptions up to -2000 km s" 1 in the He i optical lines 
is low. 



4. Duration of the high-velocity absorption 
component 

We use the ground-based OPD/LNA data from 1992 to 2009, 
which are a homogeneous dataset and have a fine time- sampling, 
to estimate the timescale for presence of the high- velocity ab- 



sorption in He i A 1083 3. Figure[9]presents the maximum velocity 
of the He i A 108 3 3 absorption component as a function of phase, 
combining data from all cycles available folded around = 1.0. 
The timescale depends on the velocity of the material, with the 
highest velocities likely appearing for the briefest time intervals. 
However, due to the S/N of the observations and normalization 
errors, it is not possible to derive quantitatively the variation of 
the timescale as a function of velocity for the OPD dataset. For 
that purpose, one needs a much larger amount of high spatial 
and spectral resolution VLT /CRI RES data during periastron than 
what is presented in Section [3Jl Thus, we are unable to compare 
the duration of the absorption at -2000 kms -1 relatively to the 
absorption at -900 kms -1 , for instance. Henceforth, we opted 
for determining the timescale when gas with velocities more 
negative than -900 km s" 1 is present, since such velocity is well 
above the terminal speed of the wind of Eta Car A and should 
give a characteristic value for the timescale of the high- velocity 
absorption component. 

Absorptions with velocities bluer than -900 kms -1 are de- 
tected across -47 d < At < +46 d (0.976 < < 1.023) 
while the high- velocity absorption is absent in spectra taken at 
At < -106 d (0 < 0.947) and At > +100 d (0 > 1.049). Hence, 
based upon the large OPD/LNA dataset, we constrain the dura- 
tion of the high- velocity absorption component to be 95 to 206 d. 
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Fig. 8. Montage of continuum-normalized He i line profiles ob- 
tained with HST/STIS across the 2003.5 event. From top to bot- 
tom, we present He i ,13889 (highly-contaminated by H i /13890, 
in particular at velocities v > -800 km s" 1 ), He i A4114 (contam- 
inated by [Fein] A4102 emission), Hei ,15877, and Hei ,16680 
line profiles. The bottom panel displays optical Hei line pro- 
files observed with HST/STIS at = 10.995 (2003 Jun 22) 
with the near-infrared Hei ,110833 line profile observed with 
VLT/CRIRES at = 11.998 (2009 Jan 08). 



During most of the spectroscopic cycle, the maximum absorp- 
tion velocity is 650 km s" 1 (Fig.©. 

Since a very limited amount of high spatial resolution obser- 
vations with VLT/CRIRES and HST/STIS are available, only a 
lower limit on the timescale of the high-velocity absorption can 
be obtained, but this estimate agrees well with the value obtained 
above from the OPD/LNA dataset. The VLT/CRIRES data (Fig. 
CD) from the 2009.0 event is consistent with the He i ,110833 high- 
velocity absorption (-1000 to -2000 km s" 1 ) appearing between 
= 11.875 (2008 May 05) and = 11.991 (2008 Dec 26), and 
disappearing before = 12.041 (2009 Apr 03). The UV reso- 
nance line of Si iv ,11394 present in the HST/STIS data indicates 
that the high- velocity absorption appears between = 10.984 
(2003 Jun 01) and = 10.995 (2003 Jun 22). The analysis of 
the ultraviolet absorption is hampered by severe blending with 
Fe ii lines after = 11.0; consequently, the presence of the high- 
velocity absorption and the timescale are less accurately deter- 
mined. 
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Fig. 9. Top: Maximum absorption velocity (v e d ge ) observed in 
the Hei ,110833 line profile as a function of phase of the spec- 
troscopic cycle for the OPD/LNA dataset from 1992 to 2009, 
encompassing four cycles, with the data folded around = 1.0. 
For clarity, errorbars are presented only in the bottom panel. 
Bottom: Zoom-in around the spectroscopic event. To help the 
reader, in both panels, the horizontal red dashed line denotes the 
Vedge = -900 km s" 1 , while the vertical blue dashed lines repre- 
sent the range where the high- velocity absorption is detected in 
Hei ,110833. 



5. Discussion: origin of the high-velocity material in 
Eta Car 

In the following subsections, we discuss three distinct possibil- 
ities that might explain the origin of the high-velocity absorp- 
tion in the spectrum of Eta Car. Although many exotic scenar- 
ios could be envisioned, the high- velocity material is most likely 
due to either a transient episode of high- velocity material ejected 
by Eta Car A (Sect. 15.21) . dire ctly f rom the wind of Eta Car B 
crossing the line-of-sight (Sect. 15. 3t , or formed in a dense , high- 
velocity part of the wind- wind collision zone (Sect. 15.41) . Since 
we are analyzing absorption lines, the high-velocity absorption 
region must be between the continuum source and the observer. 
Therefore, the source of the continuum emission is crucial for 
the interpretation of the origin of the high- velocity gas, and is 
briefly discussed below. 

5.1. Source of the continuum emission at 1.0 fim 

The radiative transfer models of Hillie r~etaD (1200 ll) have shown 
that Eta Car A has an extended photosphere in the near- 
infrared due to the presence of its dense wind (see their Fig. 
8). This causes a huge amount of extended free-free and bound- 
free emission that is able to explain the quiescent continuum 
emission at 1.0 yum fr om the inner regio ns, as measured by 
HST/STIS (see Fig. 4 of iHillier et al1l200lh . The extended near- 
infrared continuum emitting region at 2 j im has been directly re- 
solved by interferom etric measurements (Ivan Boekel et al. 2003; 
Wei gelt et al.l 120071) . confirming that the observed size of the 
2 /urn continuum emission (50 % encircled-e nergy radius of 4.8 
AU) is well reproduced by the IHillier etaU (120011) wind model 
of Eta Car A. This implies that most, if not all, of the quiescent 
K-band emission is indeed due to free-free and bound-free emis- 
sion from the wind of Eta Car A, and that the contribution from 
hot dust to the K-band emission is negligible within 70 milli- 
arcseconds of Eta Car A. Note that the amount of emission from 
hot dust would be even smaller at 1 .08 /mi than in the K-band. Of 
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course, hot dust is well-known to be present in E ta Car on spatial 
scale s larger than 70 milli-arcseconds (see, e.g. JChesneau et all 
120051) . and will certainly contaminate measurements using larger 
apertures. 

Several studie s have proposed that dust forms in Eta Car 
during periastron ( Falceta-Goncalves et al. 2005; Kashi & Soker 
l2008al) . although Smith! (l2010l) showed that the dust formation 
is cycle-dependent, occurring preferentially in the earlier docu- 
mented spectroscopic events of 1981.4 and 1992.5. Signif icant 
dust f ormation is uncertain during the 2003.5 event Smith 
(2010), and no near-infrared photometry has been reported for 
the 2009.0 event. The /-band flux increased by ca. 25% just be- 
fore the 2003.5 event dWhitelock et al.l2004. which has been in- 
terpreted as due to free-fr ee (Whiteloc k et al.ll2004b or hot dust 
emission (iKashi & Sokerll2008al) . More importantly, interfero- 
metric observations in the K-band during the 2009.0 spectro- 
scopic event, obtained simultaneously to our VLT/CRIRES mea- 
surements, do not show a significant change in the size of the 
K-band emitting region (Weigelt et al. 2010, in preparation), ar- 
guing against significant emission from hot dust in the inner 70 
milli-arcseconds of Eta Car. 

Therefore, a photospheric radius of Eta Car A at 1.08 yum of 
2.2 AU is hereafter assumed as the size of the continuum emis- 
sion, bas ed on the direct interferometric meas urements in the 
^-band (IvanBoekel et al.l 120031: IWeigelt etal]l2007h scaled to 
1 .08 yum and on the value that we comp uted using the CM FGEN 
radiative transfer model of Eta Car A (Hil lier et aDl200ll) . 

5.2. Transient fast material in the wind of Eta Car A? 

If a binary companion is evoked, the periodicity might be ex- 
plained as due to brief ejections of high- velocity material by Eta 
Car A triggered during each periastron passage. However, this 
scenario presents several difficulties, given that previous spec- 
troscopic observations suggested that the w ind of Eta Car A be - 
comes roughly spherical during periastron ( Sm ith et aD 12003 ah . 
It would also imply that, during periastron, material from Eta 
Car A at ~ 2000 kms" 1 (instead of the usual 500-600 kms" 1 ) 
collides with the shock front. This increased velocity from Eta 
Car A would produce a much higher X-ray luminosity than 
what is currently observed. Both issues could be circumvented 
if the density and volume-filling factor of the ~ 2000 kms -1 
transient wind are sufficiently low so as not to affect the X-ray 
hardness luminosit y and the Ha absorption profiles measured by 
ISmith et aD (12003 ah . However, it is unlikely that such a thin wind 
would produce detectable absorption in He i A 1083 3. 

The existence of a brief high- velocity wind from Eta Car A 
would be very unlikely in a single star scenario, although we 
cannot rule out that possibility based on our present data. In par- 
ticular, a single- star scenario would have to invoke a yet un- 
known mechanism that would produce a periodic episode of 
high- velocit y wind like clockwork e very 2022.7 ±1.3 days, as 
measured by lDamineli et al.l (l2008bh . 

5.3. Direct observation of the wind of Eta Car B? 

The edge velocity of the high-velocity absorption compo- 
nent seen in Hei ,110833 and Siiv AA1394, 1403 appears to 
approach the velocity expected of the wind of Eta Car B, 
3000 kms" 1 , based upo n X-ray spectroscopic modeling by 
iPittard & Corcoran! (l2002h . To date, Eta Car B has not been ob- 
served directly. Could the high-velocity absorption component 



form directly in the wind of Eta Car B? In the next two subsec- 
tions, we investigate that possibility. 

5.3.1 . The wind of Eta Car B absorbs its own continuum 
radiation 

Such a hypothesis would correspond to the classical detection 
of a companion in normal massive binary systems, such as in 
WR+OB binaries. However, the flux of Eta Car B is several 
orders of magnitude lower than that of Eta Car A in the near - 
infrared continuum around the Hei /U0833 dHillier et al.ll2006l) . 
Therefore, even if the wind of Eta Car B could produce a satu- 
rated Hei /U0833 absorption profile when observed in isolation, 
an undetectable amount of absorption (~ 0.5 - 1%) would be 
seen in the combined spectrum of Eta Car A and B. 

5.3.2. The wind of Eta Car B absorbs the continuum 
radiation from Eta Car A 

One possible way to observe the wind of Eta Car B, should it 
contain significant amounts of neutral He, would be if its He i 
A 108 3 3 absorption zone is extended and dense enough to absorb 
continuum radiation from Eta Car A, in a "wind-eclipse" sce- 
nario. In order to detect the wind of Eta Car B only during a 
brief period, at phases 0.976 < < 1.023 (i.e., 95 d), the binary 
system would again have to be oriented in the sky with a longi- 
tude of periastron of oj ~ 90°, since Eta Car B would need to 
be located between the observer and the continuum source for 
only a brief period around periastron passage. In addition, the 
material in the wind of Eta Car B must have a sufficiently high 
column density of neutral He to abs orb enough He i A l 08 3 3 pho- 
tons, but this is not predicted by the lHillier et al.l (l2006h radiative 
transfer model either. A much larger M and/or lower T e s would 
again be needed to produce enough optical depth in the wind of 
Eta Car B for He i A 108 3 3. In principle, this would argue for the 
presence of a Wolf-Rayet (WR) instead of an O-type star com- 
panion, since WRs have a higher wind density than O-type stars. 

Even in the unlikely possibility that the wind of Eta Car 
B could significantly absorb Hei /U0833 photons, the "wind- 
eclipse" scenario also fails to reproduce the observed duration 
of the high- velocity absorption component for the assumed or- 
bital parameters, even allowing for significant uncertainties in 
these parameters. We show in Figure [TOh a pole-on view of the 
geometry of the orbit for the "wind-eclipse" scenario, assuming 
masses of 90 and 30 M© for Eta Car A and B, respectively, or- 
bital period of P = 2022.7 d, semi-major axis of a = 15.4 AU, 
eccentricity of e = 0.9, and oj = 90°. A photospheric radius 
at 1.08 jjm of 2.2 AU is assumed for Eta Car A, as discussed 
in Section [5Jl In this subsection, we assume an inclination an- 
gle of i = 90° to derive an upper limit for the timescale of the 
"wind-eclipse". For (more realistic) lower inclination angles, an 
even shorter timescale will be obtained. 

From Figure [TUb it is apparent that, with the parameters de- 
scribed above, the wind of Eta Car B is in front of the continuum 
source due to Eta Car A during a much shorter (by a factor of 
~ 4) time interval (0.994 < (p < 1.006, green line) than observed 
(at least 0.976 < cp < 1.023, red line). Unrealistic values for the 
eccentricity (e = 0, Fig.fTOb), combined mass of the stars (max- 
imum of 8 M Q , Fig. [T0b), or a larger photospheric radius of Eta 
Car A (5.5 AU, Fig.fTOb) would be required in order for this sce- 
nario to work. Alternatively, unrealistically large amounts of hot 
dust emission located conveniently behind the wind of Eta Car 
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Fig. 10. Illustration of the pole-on orbital geometry of the Eta 
Car binary system for different orbital parameters, assuming 
P = 2022.7 d, at = 90° and i = 90° (the observer is located 
to the right, along the x axis). The part of the orbit highlighted in 
green corresponds to phases when the wind of Eta Car B could 
be able to absorb continuum photons from Eta Car A (the "wind- 
eclipse" scenario). The red highlighted part of the orbit repre- 
sents the phases when the high- velocity absorption component 
is observed in the He i /U0833 line assuming, for simplification, 
that the phase zero of the spectroscopic cycle coincides with the 
periastron passage. In a ) we assume masses of 90 and 30 M© 
for Eta Car A and B, respectively, a photospheric radius of Eta 
Car A at 1.08 fim of 2.2 AU, and e = 0.9. In b) we vary the 
eccentricity to e = 0; c) assumes unrealistic masses of 4 M Q for 
both Eta Car A and B; and d) assumes a photospheric radius of 
Eta Car A at 1.08 jim of 5.5 AU. 



B, which seems unlikely and is not supported by the available 
observations, would be required to make this scenario to work. 

An additional issue regards the amount of absorption ob- 
served in He i /U0833. Since the observed high-velocity absorp- 
tion spans velocities from -800 up to -2000 kins" 1 , the ab- 
sorption necessarily has to occur in the acceleration zone of Eta 
Car B, before the wind reaches the supposed terminal velocity of 
3000 km s" 1 . Based on the CMFGEN radiative transfer model of 
the wind of Eta Car B, the acceleration zone of the wind of Eta 
Car B is relatively compact compared to the size of the photo- 
sphere of Eta Car A. Consequently, if the wind of Eta Car B is to 
absorb continuum photons from Eta Car A, the coverage of such 
a continuum source would be very small. 

We conclude that it is unlikely that the high- velocity absorp- 
tion component originates in the wind of Eta Car B. 

5.4. High-velocity, shocked material from the wind-wind 
collision zone 

The high-velocity absorption may originate in shocked mate- 
rial from the wind-wind collision zone that crosses our line- 
of-sight to Eta Car briefly across periastron. Such a hy pothe- 
sis has been already suggested by Daminel i et al.l (l2008ab to ex- 
plain the behavior of Hei /U0833, assuming cj = 270°, and by 
iKashi & Sokerl (12009b . who instead derived co = 90° from their 
analytical modeling. 

Here we use the aid of three-dimensional (3-D) hydrody- 
namical simulations of the Eta Car binary system to investigate 
where high- velocity material can be found in the system, and at 
which epochs. We qualitatively compare our observations with 
the 3-D hydrodynamical simulations with the goal of constrain- 



ing which orbital orientation is more consistent with our data. 
Specifically, we aim at obtaining for which inclination angles 
and orbital orientations there is high- velocity gas, with veloci- 
ties between -800 and -2000 km s" 1 , in our line-of-sight to Eta 
Car A across periastron, and at which distances that gas is lo- 
cated. The presence of high- velocity gas in our-line-of- sight is a 
necessary, but not sufficient condition for the presence of high- 
velocity absorption in a given spectral line. The amount of ab- 
sorption of a spectral line will depend on the population of the 
lower energy level related to that line, which is regulated by the 
ionization stage of the gas. The 3-D hydrodynamical simulations 
allow us to analyze the hydrodynamics of the material flowing 
from the wind-wind collision zone with a much higher pr eci- 
sion than in the analytical models of Kashi & SokeJ (l2009l) . in 
particular for epochs across periastron, when the high- velocity 
material has been detected. For these epochs, the structure of the 
wind- wind collision zone is severely distorted, wi th the arms of 
the bowshock being w rapped around Eta Car A ( Qka zaki et al] 
120081: iParkin et al.ll2Q09h . 

We use 3-D simulations which are s imilar to and have th e 
same parameters as those presented in lOkazaki et al] (12008 
with the exception that adiabatic cooling has been included 
The simulations assume the following parameters: for Eta Car A, 
a mass of 90 M , radius of 90 R Q , mass-loss rate of 2.5 x 
10" 4 M yr _1 , and wind terminal velocity of 500 km s" 1 ; for Eta 
Car B, a mass of 30 M©, radius of 30 R Q , mass-loss rate of 
10~ 5 M©yr _1 , and wind terminal velocity of 3000 km s" 1 ; orbital 
period of P = 2024 d, eccentricity of e = 0.9, and semi-major 
axis of a = 15.4 AU. We refer the reader to lOkazaki et al.l (l2008h 
for further details. Figure [TT] presents 2-D slices of the wind- 
wind collision zone geometry based on the 3-D hydrodynamical 
simulations of Eta Car to help better visualize the geometry of 
the binary system. 

Time-dependent, multi-dimensional radiative transfer mod- 
eling of the outflowing material from the wind-wind collision 
zone is needed to obtain the physical conditions of the high- 
velocity gas. That is well beyond the scope of this paper, and 
we will defer such analysis for future work. Since we did not 
compute a multi-dimensional radiative transfer model, we are 
able to obtain only total column densities from the SPH simula- 
tions, but not the column density of the population of the lower 
energy level of Hei /U0833 (2s 3 S). The total column density 
computed here (hereafter referred to as "column density") pro- 
vides an upper limit for the amount of absorption. Thus, a low 
column density at higher velocities implies that no high- velocity 
absorption will be present. However, a high column density does 
not necessarily mean that a strong absorption line will be de- 
tected. In particular, the current 3-D simulations that we use 
do not account for radiative cooling, which makes it difficult to 
estimate the actual temperature and ionization structure of the 
high- velocity material in the wind- wind collision zone. In this 
Section, we assume that this material is able to efficiently cool 
and to produce the observed high-velocity absorption if the col- 
umn density and velocity in the line-of-sight to Eta Car A are 
high enough. 

Hereafter, for simplicity we assume that the phase zero of the 
spectroscopic cycle (derived from the disappearance of the nar- 
row emission component of Hei /16678) coincides with phase 
zero of the orbital cycle (periastron passage). Note that in a 
highly-eccentric binary system like Eta Car the two values are 
not expected to be shifted by more than a few weeks. Such time 



4 3-D simulations from Parkin etaLl d2009h show similar hydrody- 
namics as in the Okazaki et al. ( 2008) simulations. 
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Fig. 11. Illustration of the wind- wind collision and orbital ge- 
ometry from different vantage points of the Eta Car system, 
based on snapsh ots from the 3-D hydro dynamic simulations sim- 
ilar to those of lOkazaki et al.l (|2()08), but including adiabatic 
cooling. The color scale refers to the 2-D density structure, and 
the spatial scales are in units of the semi-major axis a of the orbit 
(a = \5AU). The top row shows the system configuration dur- 
ing apastron, while the bottom row refers to periastron. The wind 
from Eta Car A, the wind- wind collision zone, and the wind from 
Eta Car B are seen from a pole-on view (left panels) and from 
the equator (right). The white arrow corresponds to oj = 270°, 
while the green arrow corresponds to oj = 90°. 



shift would only cause a small change of 10° - 20° in the best 
value of a>, which will not affect our conclusions. 

As discussed in Section 15.11 the main source of continuum 
radiation at 1 .0 fim is the free-free and bound-free emission from 
the wind of Eta Car A, and we analyze the physical conditions 
of the gas between the observer and Eta Car A. 

5.4.1 . Orbital plane is aligned with the Homunculus 
equatorial plane 

In this Section we investigate the hydrodynamics of the mate- 
rial in line-of-sight to Eta Car A viewing the system from dif- 
ferent oj, assuming that the orbital plane has is aligned with the 
plane and, thus, the inclination of the 



Homunculus equa torial 



orbit is / = 41° ( Smith 



2006). Since we are analyzing an ab- 



sorption line, Figure [12] presents the one-dimensional density, 
velocity, and column density structure of the gas for different 
lines-of- sight to Eta Car A at orbital phases when VLT/CRIRES 
observations were available. 

For oj = 90°, the line-of-sight to Eta Car A contains only 
high-density material from the wind of Eta Car A, with v ~ 
-500 kms" 1 , before periastron (Fig. H2^-h). After periastron, 
a patch of shocked material crosses the line-of-sight, but it does 
not possess material faster than -800 kms -1 and, as a conse- 
quence, produces a negligible column density of high- velocity 



material in the range of -800 to -2000 km s" 1 (Fig.[T2l). For a 
lower value of oj = 50°, part of the wind of Eta Car B crosses our 
line-of-sight to Eta Car A after periastron, producing a consid- 
erable amount of column density of high- velocity material up to 
-1300 kms -1 (Fig. [T2h-f). This is exactly the "wind-eclipse" 
scenario described above (Sect. 15.3.21) and, as one can see in 
Figure [I2f, the duration of the high-column density of high- 
velocity material in our line-of-sight to Eta Car A is very brief. 
Therefore, based on the hydrodynamics predicted from detailed 
3-D hydrodynamical simulations, we can rule out that the Eta 
Car system has orbital orientations around oj ~ 50° - 90° if the 
high- velocity gas originates in shocked material from the wind- 
wind collision zone. We also obtained that orbital orientations 
with oj = 0° (Fig. Ek-c) and co = 180° (Fig. Q2J-1) do not 
provide high-velocity gas with sufficient column density in the 
line-of-sight to Eta Car A during the observed duration of the 
high- velocity absorption. 

We find that the 3-D hydrodynamical simulations require an 
orbital orientation with oj in the range 240°-270° to produce 
high- velocity gas with enough density in the line-of-sight to- 
wards Eta Car A (Figs. [T2m-o, [T2|)-r). For these orbital ori- 
entations, the density of the high- velocity gas is approximately 
an order of magnitude higher than expected from the wind of 
Eta Car B, while the velocities are significantly lower compared 
to the value expected for the wind of Eta Car B. These physi- 
cal conditions show that the dense, high-velocity gas which is 
in our line-of-sight to Eta Car A originates from shocked mate- 
rial from the wind-wind collision zone. For oj = 243°, the high- 
velocity material is located between 1 and 3 semi-major axis (15 
to 45 AU; Figs. [T2m-o). The radial dependence of the density 
follows roughly an r" 2 law, which closely resembles that of a 
stellar wind and might explain why the observed high-velocity 
absorption profiles are rather smooth and broad. 

For oj = 270°, the increase in column density around = 
11.991 - 11.998 occurs at a velocity region around -1200 to 
-1800 km s" 1 , and the column density of the gas with velocities 
-800 to -1200 kms" 1 actually decreases before periastron and 
increases after periastron (Fig.[T2^)-r). Qualitatively, we would 
expect the opposite behavior to explain the increase in high- 
velocity absorption. However, ionization and radiative transfer 
effects might also play a role in determining the amount of ab- 
sorption. 

A better qualitative agreement between our data and the 
models is obtained for i = 41° a nd oj = 243 ° , whi ch is 
in line with the va lues obtained by Okaza kiet al] d2008h and 
dParkin et al.ll2009h to fit the X-ray lightcurve of Eta Car. For 
this orientation, there is an overall increase of the column den- 
sity of the gas with velocities between -800 to -2000 kms -1 
from = 11.875 to = 11.991 - 11.998 (Fig. Hn-o), which 
corresponds to the phase range when the high- velocity compo- 
nent appears in the observations (Section @}. There is still sig- 
nificant column density at = 11.875 at some velocities, in 
particular around -1600 km s" 1 , which is due to a blob expand- 
ing at that velocity. A steep overall decrease occurs at phases 
= 12.014 - 12.040, agreeing qualitatively with the disappear- 
ance of high- velocity absorption. Therefore, it is very likely that 
the huge changes in the column density of the high- velocity ma- 
terial from the wind-wind collision zone, which occurs across 
periastron, are one of the main explanations for the brief appear- 
ance of the high- velocity absorption component. 

For some velocity ranges (e.g., -1 100 to -1400 km s" 1 ), the 
column density is higher at = 11.991 than at = 11.998, 
which is opposite to what one would naively expect if the to- 
tal column densities computed here corresponded directly to a 
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Fig. 12. Left: Log density of material as a function of line-of-sight distance to Eta Car A (in units of the semi-major axis a - 
15.4 AU) for selected orbital phases. Middle: Line-of-sight velocity of material along the same assumed line-of-sight to Eta Car A. 
Right: Log of the column density (in units of cm 2 per 50 km s _1 bin) along the same assumed line-of-sight to the primary star. All 
panels assume i - 41° and, from top to bottom, oj = 0°, 50°, 90°, 180°, 243°, and 270°, respectively. The grey region corresponds 
to the observed range of high- velocity absorption. 
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Fig. 13. 2-D slices in the plane containing the observer's line- 
of- sight and Eta Car A for our preferred orbital orientation of 
i = 41° and a longitude of periastron of oj = 243°, based on 3- 
D hydrodynamic simulatio ns of the Eta Car bina ry system sim- 
ilar to those presented by Oka zaki et al.l (120081) . The observer 
is located on the right, along the abscissa axis (indicated by 
the arrows in each panel). The semi-major axis of the orbit is 
the arrow labeled x, the semi-minor axis the arrow y, and the 
orbital axis the arrow z. From top to bottom, each row corre- 
sponds to orbital phases of = 11.875, 11.991, 11.998, 12.014, 
and 12.041, respectively. Left. Density in logarithmic scale as a 
function of line-of- sight distance from Eta Car A, in units of the 
semi=major axis a = 15.4 AU. Right: Line-of-sight velocity of 
material through the same plane. Material is color coded to line- 
of-sight velocity towards (blue) or away (red) from the observer. 



certain amount of line absorption. If ionization effects occur, the 
behavior of the column density of the population of the lower en- 
ergy level of He i /U0833 (2s 3 S) as a function of velocity would 
differ from that of the total column density. Since the distance 
of Eta Car B to the high-velocity material and its optical depth 
change significantly across periastron due to the high orbital 
eccentricity, ionization effects are indeed expected to happen. 
These probably play a role in the observed duration of the high- 
velocity absorption as well as to explain why no high-velocity 
material is detected with velocities from -2000 to -3000 km s" 1 , 
even if a high total column density is predicted by the SPH mod- 
els. Note that, with the qualitative comparison done here, we do 
not aim at explaining the exact behavior of the column density 
as a function of velocity, nor to claim that the column density 
derived from the SPH simulations is able to explain the amount 
of absorption at each velocity. In order to do that, a proper radia- 
tive transfer model including the ionizing flux of Eta Car B and 
of the wind- wind collision-zone would be needed, which is well 
beyond the scope of this paper. 

The hydrodynamical structure of the wind- wind interaction 
zone is extremely complex, in particular across periastron when 
the high- velocity absorption is observed. To illustrate the com- 
plex geometry and dynamics of the wind- wind interaction in Eta 
Car, we present in Figure[l3]2-D slices of density and velocity in 
the plane containing the observer's line-of-sight and Eta Car A 
for our best orientation of i = 41° and oj = 243°. We notice that 
the region responsible for the high- velocity absorption, located 
between 1 and 3 semi-major axis (15 to 45 AU), is clumpy and 
increases in density across periastron. However, after periastron, 
there is a major decrease in the wind velocity in the line-of-sight 
to the primary star, explaining the quick disappearance of the 
high- velocity absorption. 

Using relat ively simple analytical models for the wind- wind 
collision zone, iKashi & Sokerl (120091) obtained a different value 
of oj = 90° as their best-fit toy model. We suggest that the com- 
plex hydrodynamics of the Et a Car system across periastron, 
which was not included in the [Kashi & Sok^ (120091) calcula- 
tions, and the different assumption for the source of the contin- 
uum emission (extended hot dust emission on scales of ~ 30 
AU) are the main reasons for the very different value of oj found 
by these authors. We show in Figure [14] 2-D slices of density 
and velocity in the plane containing the observer's line-of-sight 
and Eta Car A for i = 60° and oj = 90°. As discussed above, 
there is no high-velocity material from the wind- wind collision 
zone in line-of-sight to Eta Car A, and only high- velocity ma- 
terial from the wind of the Eta Car Car B is in line-of sight (as 
in the "wind-eclipse" scenario described in Secti on 15. 3. 21 which 
does not explain the observations). Since IKashi & So ker (2009) 
assumed that the absorption region was compact (~ a few AU), 
it is also unclear how such a compact region would cover a sig- 
nificant fraction of their extended continuum source (~ 30 AU) 
in order to reproduce the significant high fraction of continuum 
coverage (30-50%) inferred from the amount of high-velocity 
absorption reported in our present paper. 

5.4.2. A tilted orbital plane relative to the Homunculus 
equatorial plane? 

Recent works have suggested that the orbital plane of 
the Eta Car binary system m ight not be aligned with the 
Homunculus equatorial plane (Abraham & Falceta-Goncalves 
2007, 2009; Okazaki etaD 120081: iHenlev et al.l 12008: 
Falceta-Gonc alves & Abraham! 120091) . To verify whether 
our observations support a tilted orbital axis scenario, here we 
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Fig. 15. Similar to Fig. [12] but, from top to bottom, the following line-of-sights are shown: i = 60° and co = 50°, i = 90° and 
co = 50°, / = 60° and co = 243°, and i = 90° and co = 243°, respectively. 



investigate whether the 3-D SPH models show a significant col- 
umn density of high- velocity gas at other orbital inclination and 
at the orbital phases corresponding to when the high-velocity 
absorption was observed. Figure Q3] presents, similar to Figure 
[T2l the one-dimensional density, velocity, and column density 
structure of the gas for different lines-of- sight to Eta Car A, but 
inclined at i = 60° and 90° from the plane of the sky. 

For longitudes of periastron co ~ 50° - 90°, similar to the 
aligned case, most of the material in the line-of-sight towards 
Eta Car A is from its own wind at roughly -500 km s" 1 , except 
during a brief period after periastron when the "wind-eclipse" 
scenario occurs (Fig.[T5h-f). For inclination angles higher than 
i = 41°, such as 60° and 90°, a higher fraction of the wind of Eta 
Car B crosses the line-of-sight to Eta Car A and, thus, higher col- 
umn densities are obtained at higher velocities after periastron. 
However, that occurs only briefly and it is still in disagreement 



with our observations for the same reasons discussed in Sect. 
15.3.21 Hence, our da ta are not in agreement with the orbita l pa- 
rameters derived by [A braham & Falceta -Goncalv es ( 2007) and 
iFalceta-Goncalves & Abraham! d2009h if the high-velocity ab- 
sorption originates in the wind- wind collision zone.s 

If the orbital plane is tilted relative to the Homunculus, the 
hydrodynamics of the 3-D simulations still require that the bi- 
nary system is seen under co ~ 240 - 270°, otherwise no dense, 
extended, high- velocity material from the wind-wind collision 
zone is in line-of-sight during the observed amount of time. The 
temporal behavior of the column density of the high- velocity gas 
for i = 60° and co = 243° (Fig. 02J-1) is very similar to that 
obtained for i = 41° and co = 243° (Fig. H2^-i). Indeed, for 
co - 243°, the overall relative increase (decrease) in the col- 
umn density of the high-velocity material before (after) perias- 
tron is even higher in the case of i = 60° than for i = 41°. For 
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Fig. 14. 2-D slices in the plane containing the observer's line- 
of-sight and Eta Car A, similar to Fig. [T3j but for an orientation 
of i = 60°, longitude of periastron of co - 90°, and orbital phase 
(p = 11.998. The observer is located on the right, along the ab- 
scissa axis (indicated by the arrows in each panel). Left: Density 
in logarithmic scale as a function of line-of- sight distance from 
Eta Car A, in units of the semi=major axis a = 15.4 AU. 
Right: Line-of- sight velocity of material through the same plane. 
Material is color coded to line-of- sight velocity towards (blue) or 
away (red) from the observer. The insets show a zoom-in around 
the inner ±la region. 



i = 90°, there is no significant increase in the column density 
of the high- velocity material before periastron and, actually, a 
strong decrease is seen at cp = 11.998 (Fig. HSfe -i). Strong ion- 
ization effects would be necessary to explain the high- velocity 
component if indeed i = 90°, which seems unlikely. We can 
also argue that relatively less strong ionization effects would be 
needed to explain the appearance and disappearance of high- 
velocity material during periastron if i = 60° compared to the 
i = 41° case. However, since the exact amount of ionization 
effects due to Eta Car B is unclear, we conclude that our ob- 
servations can be explained by the 3-D hydrodynamical models 
with both i - 41° and i = 60° f or a> = 243°, which is consistent 
with p revious X-r ay ana lyses (lOkazaki et al. 2008; iHenley et al.l 
120081: iParkin eTaDl2009h . 

6. Concluding remarks 

VLT/CRIRES observations of Eta Car provide definitive evi- 
dence that high- velocity material, up to ~ -1900 kms" 1 , was 
present in the system during the 2009.0 periastron passage. The 
broad, high- velocity absorption is seen in Hei /U0833 in the 
VLT/CRIRES dataset only in the spectrum obtained at phase 
= 1 1 .99 1 to 1 1 .998, showing that it is connected to the spectro- 
scopic event. Near-infrared observations obtained at OPD/LNA 
from 1992 to 2009 indeed show that the high- velocity absorp- 
tion in He i /U0833 is periodic, and tightly connected with phase 
zero of the spectroscopic cycle as well. Based on the OPD/LNA 
dataset, we constrained the timescale of detection of the high- 
velocity gas from 95 to 206 d (0.047 to 0.102 in phase) around 
phase zero. We analyzed archival HST/STIS ultraviolet data, 
showing that the Si iv Al 393, 1402 resonance line also presented 
a high-velocity absorption component up to -2100 km s" 1 . 

We presented several reasons why the high- velocity absorp- 
tion is unlikely to be due to a transitory high- velocity wind of Eta 
Car A, or due to a wind eclipse of Eta Car B. We suggest that our 
observations provide direct detection of shocked, high- velocity 
material flowing from the wind- wind collision zone around the 
binary system. Using detailed 3 -dimensional hydrodynamical 



simulations of the wind- wind collision zone of Eta Car, we found 
that dense high- velocity gas is in the line-of- sight to the primary 
star only if the binary system is oriented in the sky such that 
the companion is behind the primary star during periastron, cor- 
responding to a longitude of periastron of oj ~ 240° - 270°. 
Our data is broadly consistent with an orbital inclination in the 
range i - 40° - 60°. We derived that the high- velocity gas is 
located at distances of 15 to 45 AU in the line-of-sight to Eta 
Car A. More importantly, we can rule out orbital orientations in 
the range oj ~ 0° - 180° for all inclination angles, since these do 
not produce a significant column density of high- velocity gas in 
our line-of-sight to match our observations of the high- velocity 
absorption component. 

The current 3-D SPH simulations used in this paper do not 
account for radiative cooling, which makes it difficult to estimate 
the ionization stage of the high- velocity material in the wind- 
wind collision zone. In addition to the increase in column den- 
sity of the high-velocity gas, ionization effects due to the close 
presence of Eta Car B likely play an important role in explaining 
the amount of high-velocity absorption seen during periastron. 
Time-dependent, multi-dimensional radiative transfer modeling 
of the outflowing gas from the wind- wind collision zone of the 
Eta Car binary system is urgently warranted, and will allow us to 
better understand the influence of Eta Car B on the wind of Eta 
Car A across periastron. Ultimately, this will provide constraints 
on the masses of the stars and on the wind parameters of the Eta 
Car binary system. 
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Fig. 6. Similar to Fig.0 but for Civ A1548, 1551 (upper panel), 
Cn /U1334, 1335 (middle panel), Sin /LU526, 1533 (bottom 



